This study investigated the effect of fiber reinforced composite resin (FRC) post lengths, ferrule, and full coverage metal crown on fracture resistance of endodontically treated teeth (ETT) using an experimental FRC post with the similar elastic modulus of dentin (11.5 GPa). ETT was restored according to 1 of 7 combinations of FRC post length (10, 5, 2.5, 0 mm), ferrule (0, 2 mm), and with/ without metal crown (n=6). An oblique compressive load was applied on the restored teeth using a universal testing machine. Fracture loads were evaluated with 1-way ANOVA and Tukey HSD test (p<0.05). Compared with tooth preparation only, the fracture loads of ETT restored with composite resin and different post lengths were not significantly different. The group with the ferrule with metal crown showed significantly greater fracture resistance than the others.
INTRODUCTION
Endodontically treated teeth (ETT) commonly lack coronal tooth structure due to caries, endodontic treatment, tooth fracture, or previous extensive restorations 1) . As a result of this loss of structure, a post is required to provide adequate retention for the core foundation and the final restoration 1, 2) . Studies have suggested that the restoration materials used for ETT should have mechanical properties similar to that of dentin 3, 4) . These materials should also be able to bond to tooth structure and be biocompatible in the oral environment to achieve a good clinical outcome 3, 4) . Traditionally, a cast post and core, with the cast post closely adapted to the post space, has been used to replace tooth structure lost during endodontic treatment 5) . Despite their popularity, a cast post and core has some disadvantages, which may affect the long term success of the restoration, including uneven stress distribution, biological side effects due to microleakage and corrosion, and color reflection of the cast post and core on all-ceramic restorations 6) . The most common failure of the cast post and core is post dislodgement, which leads to root fracture because of uneven stress distribution 7, 8) . The mean value of the elastic modulus of dentin is reported to be 13.3+4.0 GPa, with a range of . A metal post has an elastic modulus 10 times greater than that of dentin, and this mismatch in elastic modulus is believed to cause the post to debond from the root dentin 9) , eventually resulting in root fracture 6) . Currently, fiber reinforced composite resin (FRC) posts are widely used because of their ease of use, esthetic properties, and an elastic modulus similar to that of dentin 5) . Studies have shown that the fracture resistance of ETT restored with an FRC post and a composite resin core is not influenced by the elastic modulus of the post 10, 11) . In contrast, a photoelastic stress analysis of ETT restored using FRC posts with different elastic moduli demonstrated that closely matching the elastic modulus of the FRC post to that of dentin was more effective in preventing stress concentration 4) . The proper elastic modulus for FRC posts used in restoring ETT has not been established. Currently, the elastic modulus of commercial FRC posts is greater than that of dentin 12) . In the present study an experimental post with an elastic modulus close to that of dentin was fabricated and tested.
Post retention is a crucial factor affecting the survival of a restoration. Post debonding has been reported as the most common complication contributing to the incidence of root fracture 7) . Increasing post length improves retention; however, in the apical region of the canal, the bonding between the post and dentin is unpredictable 5, 7) . The use of adhesive resin cement resulted in increased tensile strength between short FRC posts and root dentin, and improved fracture resistance 13, 14) . It has been reported that using a short FRC post rather than a long post may yield a higher fracture resistance with a more restorable fracture pattern 15) . However, the optimal length of an FRC post has not yet been determined.
A ferrule is defined as a band or ring of sound dentin encircling the root or crown of the tooth 16) . Restorations prepared with a 2 mm ferrule demonstrated a significantly higher fracture resistance [17] [18] [19] . However, another study reported that the presence of a ferrule did not enhance fracture resistance 20) . Moreover, restoring ETT using an FRC post and a metal crown with or without a ferrule did not result in significant differences in fracture resistance 20) . It has also been demonstrated Fracture resistance of endodontically treated teeth using fiber post with an elastic modulus similar to dentin that the placement of a metal crown can obscure the effects of different post and core built-up techniques 7) . The effect of different post lengths, presence/absence of a ferrule, and presence/absence of a metal crown on the fracture resistance of ETT remains unresolved.
The objectives of the present study were to clarify the effects of FRC resin post length, the preparation of a ferrule, and the use of a full coverage metal crown on fracture resistance of ETT restored teeth when using an experimental FRC post with an elastic modulus similar to that of dentin (11.5 GPa) .
The null hypotheses were that the experimental FRC post length would have no influence on the fracture resistance of ETT restored without a crown and that the different restoration combinations would not affect the fracture resistance of ETT.
MATERIALS AND METHODS
The protocol for this study was approved by the Ethics Committee of Chulalongkorn University (#15/2010). Forty-two extracted mandibular second premolars with similar root lengths, frozen stored less than 6-months, were selected.
After visual and transillumination examination, teeth with cracks, caries, or other visible defects were excluded. The average buccolingual and mesiodistal widths of the specimens were 7.65+0.50 mm and 5.15+0.50 mm, respectively. The average root length from the buccal cementoenamel junction (CEJ) to the apex was 15.0+0.5 mm.
Material used
A translucent experimental FRC post, a parallel configuration, a diameter of 1.5 mm containing 20 vol% E-glass fiber embedded in urethane dimethacrylate (UDMA) base resin matrix was used in this study 21) . The flexure modulus of the experimental FRC post was 11.5 GPa which was determined by a 3-point bending test. This value was similar to the previously reported value 22) .
Preparation of ETT with different experimental FRC post lengths
To evaluate the effect of experimental FRC post length, 24 teeth were randomly divided into 4 groups (n=6) based on different post lengths with crown height/post length (C/P) ratios of 1:2, 1:1, 2:1, and tooth preparation only (PET) as reference ( Fig. 1) . The teeth in the C/P 1:2, C/P 1:1, and C/P 2:1 groups were decoronated at the CEJ using a low-speed cutting machine (Isomet 1000, Buehler, Lake Bluff, IL, USA) perpendicular to the root axis. For the PET group, the crown was reduced using a round end cylinder diamond bur (141 020 Intensive, Grancia, Switzerland) until 5 mm of occluso-gingival height, measured from the CEJ, remained. A 45° bevel was established on the buccal cusp using a round end cylinder diamond bur and finished using a superfine diamond bur (288 013 Intensive, Grancia, Switzerland).
Endodontic instrumentation was performed on the teeth in the experimental groups up to a #35 K-file (Dentsply, Ballaigues, Switzerland), at a working length 14.5 mm from the CEJ. Between instrumentations the teeth were irrigated with 2.5% sodium hypochlorite. The canals were obturated using the lateral condensation technique with gutta percha (Hygenic, Coltene/Whaledent, Langenau, Germany) and modified Grossman formula root canal sealer (CU Product, Bangkok, Thailand). The post space was prepared using a post space shaping bur (Parapost, Whaledent, Cuyahoga Falls, OH, USA) with a diameter of 1.5 mm to depths of 10.0, 5.0, and 2.5 mm from CEJ in the C/P 1:2, C/P 1:1, and C/P 2:1 groups, respectively. Each specimen was embedded in self-curing acrylic resin (Formatray, Kerr, Romulus, MI, USA) in a polyvinyl chloride ring (PVC). The periodontal ligament was simulated by a 0.5 mm thickness of polyvinyl siloxane (Reprosil, Dentsply, Caulk, Milford, PA, USA) around the embedded tooth 6) . Any excess polyvinyl siloxane was removed with a scalpel blade to provide a flat surface 2 mm below the facial CEJ of each specimen.
Before placing the post, the root canal of the specimen was irrigated with deionized water and dried with paper points. The root dentin was primed with ED primer (Panavia F2.0, Kuraray, Okayama, Japan) for 30 s and dried with a gentle air flow. Panavia F2.0 resin cement (Kuraray, Okayama, Japan) was mixed per the manufacturer's instructions and applied to the post and root dentin of the post space. The experimental FRC post was then inserted into the post space. The excess cement was removed.
Polymerization was activated using a light-curing machine (3M ESPE, St.Paul, MN, USA) at a power density of 550 mW/ cm 2 for 40 s. Following post cementation, the cervical dentin was conditioned with a self-etching bonding agent (Clearfil SE Bond, Kuraray) per the manufacturer's recommendations. Light-activated polymerization was performed for 20 s. A composite resin core (Photocore, Kuraray) was used as the core foundation. Lightactivated polymerization of the core was performed for (a) (b) 40 s at both the facial and lingual surfaces. Subsequent to polymerization, the occluso-gingival dimension of the core foundations of the C/P 1:2, C/P 1:1, and C/P 2:1 groups were prepared parallel to the tooth axis using a round end cylinder diamond bur in a high-speed handpiece with water coolant to achieve a 5 mm occlusogingival height from the CEJ. Finally, the buccal cusp of the samples in the experimental groups received a 45° bevel.
Preparation of ETT with ferrule and full coverage metal crown combinations
To evaluate the effects of a ferrule or full coverage metal crown, 18 teeth were randomly divided into 3 groups (n=6) based on the presence of a ferrule or full coverage metal crown; metal crown with ferrule (MC/F), metal crown without ferrule (MC/NF), composite resin coverage with ferrule (CR/F). The fracture resistance analysis of these groups included the results for the C/P 1:2 and PET groups (Fig. 2) . The teeth were decoronated 2 mm above the CEJ for the MC/F and CR/F groups, and at the CEJ for the MC/NF group as described above. Using a high-speed handpiece and a round end taper diamond bur with water coolant, a 2 mm ferrule with a 0.8-mm-wide chamfer finishing line was established at the CEJ for the MC/F and CR/F groups. These teeth were endodontically treated and embedded in self-cured acrylic resin as described above. The 3 groups were restored with FRC posts at a C/P ratio of 1:2. The post space was prepared to a depth of 10 mm and a core built-up was performed using an experimental FRC post with a composite resin core as described above. For the teeth in the MC/F and MC/NF groups, the core was prepared using a high-speed handpiece and a round end taper diamond bur with water coolant to a 4 mm occluso-gingival height, leaving a 1 mm space for the metal crown, and a 0.8-mm-wide chamfer finishing line was reestablished at the CEJ.
Before tooth preparation of the MC/F and MC/ NF group samples, an impression was taken using polyvinyl siloxane, and this was used as a matrix in the fabrication of the wax pattern for a full metal crown. Another impression was taken with polyvinyl siloxane following tooth preparation for fabrication of the die. Type 4 dental stone (Velmix, Sybron Kerr, Peterborough, UK) was poured into the second impression, and the die was removed. The finishing line of the crown was located on the die. Casting wax (Kerr, Orange, CA, USA) was melted and poured into the first impression. The die was then seated into the first impression. The impression was removed and the margin of the wax pattern was remarginated. The wax patterns were sprued, invested, and cast using nickel-chromium alloy (Wiron 99, Bego, Germany). The adaptation of each crown to its tooth was confirmed using test-fit silicone paste (FitChecker, GC, Tokyo, Japan). The prepared teeth were conditioned with dentin primer (ED primer, Kuraray) for 30 s, and the crown was cemented with resin cement (Panavia F2.0, Kuraray). All specimens were stored at 37 º C in 100% humidity for 24 h prior to testing. To determine the failure load, a compressive load was applied using a universal testing machine (Instron 8872, Fareham, UK), on the beveled buccal cusp, at a 135º angle to the long axis of the tooth, at a crosshead speed of 2 mm/min (Fig. 3a) . The failure load was recorded in Newtons (N). Specimens were visually examined under a stereomicroscope at 30× magnification (Meiji ML9300, Saitama, Japan) to identify the mode of failure. The mode of failure was classified into 2 groups; unrestorable fractures located below the level of the PVC ring (2 mm below the finishing line), and restorable fractures located above the PVC ring (Fig. 3b) .
The fracture loads of the different post length groups were statistically analyzed using 1-way analysis of variance (ANOVA). The fracture loads of the different ferrule and full coverage metal crown combinations and the C/P 1:2 and PET groups were also analyzed using 1-way ANOVA. The multiple comparisons (Tukey-HSD) test was performed to detect statistically different pairs with significance set at α=0.05. 
RESULTS
The mean fracture loads of the different post length groups ranged from 1348 N (C/P 1:2) to 1589 N (PET) (Fig. 4) . One-way ANOVA indicated that there were no statistically significant differences among the groups (P>0.05). The failure modes are summarized in Table 1 . The failures observed in the C/P 1:2 group were evenly split between restorable fractures and unrestorable fractures (3/3), while those of the other groups were all unrestorable fractures (0/6). The mean fracture loads of the different ferrule and full coverage metal crown combination groups are shown in Fig. 5 . The mean fracture loads ranged from 1348 N (C/P 1:2) to 2543 N (MC/F). One-way ANOVA revealed significant differences among the groups and the Tukey-HSD test indicated that the mean fracture load of the MC/F group was significantly higher than those of the other groups. The failure modes of the CR/F group comprised 4 restorable fractures and 2 unrestorable fractures, and the C/P 1:2 and MC/NF groups were 3 restorable fractures and 3 unrestorable fractures. All the specimens in the MC/F group were unrestorable fractures.
DISCUSSION
The present study investigated the effect of different FRC post lengths or the combinations of ferrule preparation with and without full coverage metal crown on the fracture resistance of composite resin restored ETT. The results showed that differences in the lengths of experimental FRC posts did not affect the fracture resistance of composite resin restored ETT. Therefore, the null hypothesis that differences in experimental FRC post length would not influence the fracture resistance of ETT was accepted.
The selection of which restorative materials to be used clinically can impact the success of a restoration. In the present study, the use of experimental FRC posts with an elastic modulus (11.50 GPa) similar to that of dentin created a monobloc configuration. In addition, the use of Clearfil SE Bond and Clearfil Photocore has been shown in high shear bond strength between the cervical dentin and the composite resin core (28.9 MPa) 23) . Panavia F 2.0 has demonstrated high shear bond strength between root dentin and FRC posts, therefore it was used as a luting agent between the root dentin and the FRC post 24) . A previous study suggested that the use of cast, prefabricated metal posts and with different lengths affected fracture resistance 7) . However, disparity between the elastic modulus of cast, prefabricated metal posts, and dentin can result in unequal stress distribution and stress concentration in the dentin, leading to root fracture. The results of a study indicated that the elastic modulus of a post should closely match that of dentin 9) . Our results indicated that differences in experimental FRC post length did not influence fracture resistance. This might attribute to the elastic modulus of the experimental FRC posts, composite resin core foundation material, and resin cement used in this study were closely to that of dentin. This similarity in elastic modulus results in a monobloc configuration, which can evenly distribute stress within root dentin 25) . The results of the present study also corresponded with the results of a finite element analysis (FEA) study which showed that the use of FRC posts of different lengths with an elastic modulus of 11.00 GPa generated similar maximum von Mises stress, which were located in the cervical area 1) . The closely match of all coronalradicular complex of elastic modulus of this study might nullify the effect of post length on fracture resistance which was previously proposed 8) . The differences of the result might attribute to the use of commercial FRC in the previous study which had higher elastic modulus than dentin.
The fracture resistance value of the C/P1:1 group was slightly, but not significantly, higher than those of the C/P 2:1 and C/P 1:2 groups. In the cervical third of a root canal, the bonding of resin cement to root dentin is more predictable. The apical third of a root canal has fewer dentinal tubules. With limited access, the accumulation of canal wall debris, during endodontic treatment could still be remained 9, 25) . These factors can jeopardize the bonding of longer posts in this area. However, the longer experimental FRC posts in the C/P 1:2 group may absorb stress and better distribute the transferred stress throughout the whole tooth structure, resulting in a restorable mode of failure 8) . Contrarily, the use of short post in C/P 2:1 and C/P 1:1, the fracture modes were unrestorable. This might attribute to the stress absorption of short post which could not dissipate the resultant stress along the root. Therefore, the stress was concentrated at the tip of the post and originated the fracture and obliquely extended toward the root surface. The difference of the result might attribute to the different in experimental design. This study performed complete removal of coronal structure above CEJ while the other study performed only open access with preservation of all the remaining coronal structure 28) . Therefore, it resulted in restorable mode of failure due to abundant remaining of coronal dentin. This finding corresponds with the results from a photoelastic stress analysis, which suggested that the long glass fiber posts with an elastic modulus similar to that of dentin can reduce stress concentration in ETT 4) . The results of the present study suggest that the use of a longer FRC post with an elastic modulus similar to that of dentin predisposes the tooth to have a restorable mode of failure.
Interestingly, no statistically significant differences were detected between the PET group and the ETT restored with an experimental FRC post combined with a composite resin core groups. This suggests that use of the experimental FRC posts in combination with a composite resin core neither reinforced nor weakened the root.
In evaluating the results of the effect of a ferrule and/or full coverage metal crown on the fracture resistance of ETT, 1-way ANOVA indicated significant differences among the groups, therefore, the null hypothesis that restoration design would have no effect on the fracture resistance of ETT was rejected.
The results showed that the MC/F group had a significantly higher fracture resistance compared to the other groups. Comparing the MC/F and MC/NF groups, the MC/F group showed a significantly higher fracture resistance. The higher fracture resistance can be attributed to the presence of a ferrule 26) . However, the presence of a ferrule is not the only important factor in fracture resistance. Final restoration design is also a crucial factor in determining the fracture resistance of ETT 27) . Metal crowns demonstrated even distribution of force from the core to the root and provided a bracing effect to tooth prepared with a ferrule 26) . The final restoration of ETT with a metal crown without the ferrule resulted in an insignificant difference in fracture resistance compared to ETT restored with composite resin without crown. The result also supported that the combination of the ferrule preparation and the crown placement should be employed to achieve high strength of the whole restoration complex. While the differences in the failure loads between the MC/NF, CR/F, and C/P 1:2 groups were not significant, they were significantly lower compared with the MC/F group. Notably, the fracture resistances of the CR/F and C/P 1:2 groups were over 1,300 N, which is 4 times greater than the normal bite force 29) . This indicates that a composite restoration has satisfactory strength for intermediate restoration.
The fracture mode of MC/F and PET were quite similar. This resulted from the similar force transfer of the metal crown compared to PET. While in the composite resin restoration groups CR/F, C/P 1:1 and MC/NF were weak at the coronal part which led to the fracture of the core part which was restorable. This was contradicting to the recent study which used ceramic crown 30) . In that study, the fractures were restorable modes and limited within the ceramic crown which was weaker than metal crown in this present study. However, dynamic loading, temperature effects, and the effects of the oral environment were not the elements of the present study. These important aspects affecting strength are suggested for future investigations.
CONCLUSIONS
Within the limitations of this study, it can be concluded that:
1. There were no significant differences in fracture resistance between different post length groups (p>0.05). 2. The final restoration of metal crown with a ferrule resulted in significantly higher fracture resistance than the other restoration combinations (p<0.05). 3. The failure modes of the C/P1:2, CR/F, MC/NF were restorable fractures but the other groups were unrestorable fractures.
